Motivated by the successes of relativistic theories in studies of atomic/molecular and nuclear systems and the strong need for a covariant chiral force in relativistic nuclear structure studies, we develop a new covariant scheme to construct the nucleon-nucleon interaction in the framework of chiral effective field theory. The chiral interaction is formulated up to leading order with a covariant power counting and a Lorentz invariant chiral Lagrangian. We find that the covariant scheme induces all the six spin operators needed to describe the nuclear force, which are also helpful to achieve cutoff independence for certain partial waves. A detailed investigation of the partial wave potentials shows a better description of the scattering phase shifts with low angular momenta than the leading order Weinberg approach. Particularly, the description of the 1 S0, 3 P0, and 1 P1 partial waves is similar to that of the next-to-leading order Weinberg approach. Our study shows that the relativistic framework presents a more efficient formulation of the chiral nuclear force. Introduction: There is strong evidence that relativistic effects play an indispensable role in our understanding of the fine structure of atoms/molecules [1] and nuclei [2], although non-relativistic methods were historically very popular and are still routinely utilized in modern studies. The most familiar manifestations of relativistic effects include the appearance of anti-fermions, their spin and the resulting spin-orbit interactions, which are key to understand the spin-orbit splitting of atomic spectra and nuclear single particle levels [3] . In contrast to kinematical effects which, at low energies, can often be neglected or treated perturbatively, these are dynamical effects. Today, studies of complex atomic/molecular systems have achieved a high level of maturity [4] , while similar studies of nuclear structure and reactions are still at an early stage [5] . A key difference in microscopic studies of atoms/molecules and nuclei, though sharing similar theoretical approaches, is the dominating fundamental interaction. For atoms/molecules, the electromagnetic force is known rather accurately both at the classical level and at the field theoretical level. On the other hand, for nuclei, the nuclear force, being a residual interaction of the strong force, is still far from being completely understood (see, e.g., Ref.
number of long-standing issues and exhibited relatively faster convergence than its NR counterpart in the one baryon sector [28] [29] [30] [31] and in heavy-light systems [32] , in addition to being fully covariant and satisfying analyticity constraints (see Ref. [33] for a short review). Motivated by these successes and the demand in relativistic nuclear structure studies, we propose a covariant power counting, which keeps the small components of Dirac spinors, to construct a covariant NN interaction in ChEFT. In the long run, we aim to provide a high-precision relativistic chiral nuclear force so that relativistic many-body calculations, such as those of Refs. [24, 25] , can be performed with chiral forces. It is worth noting that the covariant power counting scheme and our main purpose are quite different from those of Ref. [34] , where relativistic effects are, for the first time, included in a perturbative way, to derive a chiral force applicable to NR calculations with particular focus on renormalization group invariance.
In this work, we start from the manifestly Lorentz invariant chiral Lagrangians and construct a fully covariant chiral nuclear force up to leading order (LO). To account for the non-perturbative nature of the nucleon-nucleon interaction, we utilize a three-dimensional reduction of the Bethe-Salpeter equation, as conventionally done by the nuclear structure community, to obtain the scattering amplitude from the chiral potential. By fitting to the Nijmegen partial wave phase shifts, it is shown that one can achieve a satisfactory description of the phase shifts of low angular momenta already at LO.
Theoretical framework: We first introduce a covariant power counting, retain the full form of Dirac spinors, and use naive dimensional analysis to determine the chiral dimension of a Feynman diagram, different from the Weinberg power counting [13] or the modified Weinberg power counting [34] .
In our framework, the Dirac spinor has the usual form,
where the nucleon energy is 
where N π (N n ) is the number of internal pion (nucleon) propagators, and V k is the number of vertices from kth-order Lagrangians. The small expansion parameter in the covariant power counting is the pion mass or the three momentum of the nucleon, as in the one-baryon sector. According to the above power counting, at leading order one needs to compute the Feynman diagrams shown in Fig. 1 . The relevant Lagrangians are
where the superscript denotes the chiral dimension. The lowest order ππ and πN Lagrangians read
with the pion decay constant f π = 92.4 MeV, the axial vector coupling g A = 1.267 [35] , and the SU(2) matrix
, where Φ and Ψ collects the pion and nucleon fields,
The covariant derivative of Ψ is defined as
and the axial current u µ is
The covariant four-fermion contact terms are provided by the following Lagrangian [36, 37] ,
where C S,A,V,AV,T are low-energy constants (LECs). One should note that the C A term can also be considered of higher order because it connects the large and small components of the Dirac spinors [38] . In our case, we do not expand the Dirac spinors and therefore retain this term. Explicit numerical studies showed that it plays a relatively minor role, however. In momentum space, denoting the center-of-mass initial (final) momentum by p (p ), the transferred momentum q = p − p and the average momentum k = 1 2 (p + p), the lowest order chiral force can be written as
where the contact potential (CTP) is
and the one-pion-exchange potential (OPEP) is [39]
where τ is the isospin Pauli matrix. Expressing V LO in terms of the Pauli operators, one can easily see that the covariant contact and OPE potentials contain all the six spin operators needed to describe the nuclear force [40] ,
In the static limit, Eq. (11) reduces to the LO chiral force in the HB scheme,
which only contains the central, spin-spin and tensor interactions. It is important to note that at LO the covariant power counting introduces three more LECs than the Weinberg approach and the modified Weinberg approach. The interesting consequences can be seen in the contributions of V CTP to different partial waves in the |LSJ basis, 
where
One can see that V CTP contributes to all partial waves with J = 0, 1, different from the (modified) Weinberg approach, where the contact terms only contribute to the 1 S 0 and 3 S 1 partial waves. We note that the LO relativistic corrections in V 1S0 and V 3P 0 have the same form as those introduced in the "renormalization group invariant" formulation [41] [42] [43] [44] . For the OPEP, one can repeat the above procedure to obtain the corresponding potentials, and the covariant power counting also introduces some relativistic corrections of nominally high-order in the (modified) Weinberg power counting.
To make things more transparent, we decompose the covariant potential into a sum of the static contribution and the relativistic corrections. For instance, the 1 S 0 partial wave potential [Eq. (16) ], expanded in terms of 1/M N , reads
where z is the cosine of the angle between p and p . It is easy to single out the static contributions because the relativistic corrections are suppressed by 1/M 2n N (n = 1, 2, · · ·). In the covariant power counting, this argument is only true for OPEP, where the same coefficient, πg 2 A /(2f 2 π ), multiplies both the static contribution and the relativistic corrections. However, the situation for the contact interaction is different where an independent LEC, (C 1S0 +Ĉ 1S0 ), determines the relativistic corrections of the CTP.
To make a quantitative statement, one has to determine the values of LECs by fitting to the NN scattering data, such as the partial wave phase shifts. Because the nuclear force is non-perturbative, in the covariant framework, one should iterate the potential by solving the Bethe-Salpeter (BS) equation [45] . However, in practice, this is difficult and one often utilizes a three-dimensional reduction of the BS equation, e.g., the Blenkenbecklar-Sugar (BbS) equation [46] , or the Kadyshevsky equation [47] . In this work, we employ the Kadyshevsky equation [48] , which possesses a weaker cutoff dependence as shown in Refs. [34, 49] ,
In solving Eq. (19) , consistent with the derivation of the Kadyshevsky equation, we employ the "on-mass-shell" approximation for the potential with the energy of intermediate nucleons fixed at E k = m 2 N + k 2 . Furthermore, to remove ultraviolet divergences or facilitate numerical calculations, the potential has to be regularized. Here, we choose the commonly used Gaussian cutoff function [50] ,
with n = 2. In the Weinberg approach, the momentum cutoff Λ is usually varied between 550 MeV and 950 MeV. Uses of other form factors are currently under investigation. Numerically, we perform a simultaneous fit to the J = 0, 1 Nijmegen partial wave phase shifts of the np channel at 1, 5, 10, 25, 50, 100 MeV laboratory kinetic energy (E lab ) [51] . We do not take into account the errors of phase shifts in the fit-χ 2 , defined asχ 2 = (δ LO − δ PWA ) 2 , mainly because the low energy partial wave phase shifts have very small uncertainties compared to higher chiral order contributions neglected at our LO study. In the present work, the pion and nucleon masses are fixed at m π = 138.00 MeV and M N = 938.92 MeV.
Results and discussion: The best fit result ofχ 2 /d.o.f. is shown in Fig. 2 as a function of the momentum cutoff Λ changing from 550 MeV to 950 MeV. The minimum ofχ 2 /d.o.f. equals to 2.9 at Λ = 747 MeV. The corresponding LECs C S,A,V,AV,T are listed in Table I . We note that their values are of similar magnitude.
With the best fit LECs, the description of the Nijmegen multienergy [51] and the VPI/GWU single-energy [52] np phase shifts up to E lab = 300 MeV are shown in Fig. 3 [53] . The data of the latter analysis are not included in our fits. One can see that the relativistic formulation can improve the description of the phase shifts of 1 S 0 , 3 P 0 and 1 P 1 , especially that of 1 S 0 , in comparison with the LO non-relativistic results. For the other four partial waves with J = 1, the LO relativistic and non-relativisitc results are quantitatively similar, except the mixing angle ε 1 .
To understand the improvement in the 1 S 0 channel, we note that the largest relativistic correction of the CTP is of the form
This momentum-dependent term is desired to achieve a reasonable description of the 1 S 0 channel for momenta around m π , as shown in the previous studies [54, 55] , where the ( p 2 + p 2 ) term is promoted on phenomenological ground and the dibaryon field is introduced to deal with its resummation. We note that this term has the same form as the NLO contribution of the NR chiral potential [50] . It is clear that Lorentz invariance rearranges some of higher order contributions in the NR potential to leading order in the covariant potential. The same is true for the other partial wave potentials with J ≤ 1. This mechanism is also behind the improved description of the 3 P 0 and 1 P 1 partial wave phase shifts. For 3 P 1 and the coupled 3 S 1 -3 D 1 partial waves, relativistic corrections are much more suppressed. For instance, the relativistic correction of V 3D1 is suppressed by 1/M 4 N at least. As a result, the description of these partial waves are similar to that of the LO Weinberg approach. Fig. 3 shows that the relativistic LO potential provides a description of the partial wave phase shifts with a similar quality as the NLO non-relativistic chiral force, which, however, has four more LECs. From this, one concludes that the relativistic chiral nuclear force can provide a more efficient description of the phase shifts. [50] . Solid dots and open triangles represent the np phase shift analyses of Nijmegen [51] and VPI/GWU [52] . The gray backgrounds denote the energy regions where the theoretical results are predictions.
We have checked the cutoff dependence of the aforementioned 1 S 0 and 3 P 0 partial waves and found that both are cutoff independent, mainly because of the leading relativistic corrections. This is consistent with Refs. [34, 41] where one introduces an extra C 3P 0 | p|| p | term in V 3P 0 to achieve cutoff independence, though our scattering equations are different.
Finally, using the LECs of Table I , we predict the binding energy of the deuteron to be B d = 1.87 MeV, which differs from its experimental value B exp d = 2.22 MeV by about 15%. The scattering lengths of 1 S 0 and 3 S 1 turn out to be a 1S0 = −20.3 fm and a 3S1 = 5.7 fm, differing from their experimental counterparts, −23.7 fm and 5.4 fm, by 14% and 6%, respectively. Summary and conclusion: We proposed a new covariant power counting scheme to construct the nucleonnucleon interaction in chiral effective field theory. At leading order, the chiral force includes part of sub-leading terms in the non-relativistic construction. This force was shown to lead to a description of the Nijmegen partial wave phase shifts better than the LO Weinberg approach and similar to the next-to-leading order Weinberg approach. Our study showed that Lorentz invariance can provide a powerful constraint in constructing a relativistic nuclear force. This covariant formulation appears to be more efficient than the non-relativistic one and may provide an essential input to relativistic nuclear structure studies.
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